Young wheat plants (Triticum aestivum L. cv. Mv Béres) were exposed to 0 or 25 mM NaCl for 11 days (salt acclimation). Thereafter the plants were irrigated with 500 mM NaCl for 5 days (salt stress). Irrigating the plants with a low concentration of NaCl successfully led to a reduction in chlorotic symptoms and in the impairment of the photosynthetic processes when the plants were exposed to subsequent high-dose salt treatment. After exposure to a high concentration of NaCl there was no difference in leaf Na content between the salt-acclimated and non-acclimated plants, indicating that salt acclimation did not significantly modify Na transport to the shoots. While the polyamine level was lower in salt-treated plants than in the 2 control, salt acclimation led to increased osmotic potential in the leaves. Similarly, the activities of certain antioxidant enzymes, namely glutathione reductase, catalase and ascorbate peroxidase, were significantly higher in salt-acclimated plants. The results also suggest that while SOS1, SOS2 or NHX2 do not play a decisive role in the salt acclimation processes in young wheat plants; another stress-related gene, WALI6, may contribute to the success of the salt acclimation processes. The present study suggested that the responses of wheat plants to acclimation with low level of salt and to treatment with high doses of salt may be fundamentally different. 
Introduction
High salinity is one of the most widespread abiotic stress factors in agriculture, causing problems in plant production both on naturally saline soils and on irrigated lands with unsuitable water management or exposure to high evaporation. Depending on the level of the stress and the stage of plant development, high salinity may induce various physiological malfunctions (Hossain et al., 2015; Kranner and Seal, 2013) . Osmotic stress, as a primary reaction triggered by relatively moderate salinity levels, decreases soil water potential, reduces water uptake and may cause cell dehydration, stomatal closure and a decline in photosynthetic activity, leading to a limited growth rate. At high salinity ionic stress may also occur when ions are taken up by plants at an above-optimum concentration. Specific ionic stresses lead to a disruption of the integrity and selectivity of the root plasma membrane, the homeostasis of essential ions, and numerous metabolic activities.
Plants have developed several survival mechanisms to reduce the damaging effects of high salinity. These processes include the selection or exclusion of undesirable ions, the control of ion uptake by the roots and their transport into the leaves, the compartmentalization of ions at the cellular and whole-plant levels, the synthesis of compatible solutes, the adjustment of photosynthetic processes, alterations in membrane structure, the induction of antioxidant enzymes to reduce the level of oxidative stress, and the reprogramming of plant hormone synthesis (reviewed by Parida and Das, 2005 ). An important component of salt tolerance in plants is the minimising of Na + uptake by the roots. The salt-overly-sensitive (SOS) signal-transduction pathway is important for ion homeostasis and salt tolerance in plants. In this system a salt-induced transient increase in the Ca 2+ level is sensed by the calcium-binding protein SOS3, which activates the serine/threonine protein kinase SOS2. The SOS2/SOS3 complex activates the plasma membrane Na + /H + exchanger protein SOS1 4 (Hasegawa et al., 2000 , Qiu et al., 2002 . In Arabidopsis 8 isoforms of Na + /H + antiporter genes (NHX homologues) have been described (Bassil and Blumwald 2014) . AtNHX1 and AtNHX2 are highly expressed in many tissues, while AtNHX3 and AtNHX4 are exclusively expressed in flowers and roots (Aharon et al., 2003 , Yokoi et al., 2002 . Recent results also suggested that NHX1 and NHX2 are vacuolar K + /H + exchangers that control vacuolar pH and K+ homeostasis, they are essential for active K + uptake at the tonoplast, osmotic adjustment and turgor regulation, and that they play a unique role in stomatal function (Bassil et al., 2011 , Barragan et al., 2012 .
The exposure of plants to a moderate level of a stressor may induce protective mechanisms enabling the plants to tolerate a subsequent drastic stress factor . Pre-treatment of plants with a low concentration of NaCl has also been reported as an effective process to induce a higher level of salt tolerance. This phenomenon is usually referred to as salt acclimation or acquired salinity tolerance (Amzallag et al., 1990; Umezawa et al., 2000; Pandolfi et al., 2012) .
Although a large body of data has been collected on the mechanisms of salt tolerance in various plants species, much less is known about the physiological and molecular background of salt acclimation processes, especially in monocot cereals. In the present work it was demonstrated that the treatment of young wheat plants with a low concentration of NaCl may increase their tolerance to a subsequent high-dose salt stress. Certain key mechanisms responsible for the improved salt tolerance induced by salt acclimation were also revealed by comparing the effects of acclimation with a low salt level and the responses of wheat plants to a high dose of salt. water. After a week half the pots were irrigated with 25 mM NaCl solution dissolved in tap water for 11 days (salt acclimation). After the acclimation period, the plants were irrigated with 500 mM NaCl (salt stress).
Materials and methods
For biochemical and physiological analyses the middle parts of the youngest fully expanded leaves were used. Samples were collected after 1 day of high salinity for polyamine, antioxidant enzyme, gene expression and after 5 days for pigment and Na content measurements and for the osmotic potential determinations. Gas exchange and chlorophyll fluorescence induction measurements were also carried out on intact leaves after 1 or 5 days after treatment with 500 mM NaCl, respectively.
Measurement of photosynthetic pigments
The chlorophyll (a and b) and carotenoid contents of the leaves were determined spectrophotometrically after extracting the leaf segments (100 mg per sample) in 80% acetone, according to the method of Lichtenthaler (1987) .
Gas exchange measurements
Gas exchange analysis was performed on intact leaves with a Ciras 2 Portable Photosynthesis System (Amesbury, USA) using a narrow leaf area (2.5 cm 2 ) chamber. The measurements were performed 1 day after salt stress treatment. The parameters CO 2 assimilation rate (Pn), stomatal conductance (g s ), intracellular CO 2 concentration (C i ) and transpiration (E) were determined at the steady-state level of photosynthesis. The reference level of CO 2 was 380 L L -1 and the light intensity was 250 µmol m -2 s -1 .
Fluorescence induction measurements
Chlorophyll a fluorescence quenching analysis was carried out using a pulse amplitude modulated fluorometer (Imaging-PAM M-Series fluorometer; Walz, Effeltrich, Germany) on detached leaves of wheat plants with or without salt stress (500 mM NaCl) for 5 days. The plants were previously dark-adapted for 20 minutes, after which the F v /F m parameter was determined using a 0.8 s saturation pulse (PPFD=3000 µmol m -2 s -1 ) provided by a LEDArray Illumination Unit IMAG-MAX/L (λ=450 nm). Photosynthesis was then activated using 230 µmol m -2 s -1 actinic light intensity for 15 min and the quenching analysis was performed using a 30 s saturation pulse frequency. The quenching parameters were determined under steady state conditions according to the nomenclature described by Klughammer and Schreiber (2008) .
Determination of Na content
The Na content in the leaves was determined from air-dried samples (approx. 0.5 g of each sample) using the inductively coupled plasma-atomic emission spectrometry method 7 (ICP-AES, Jobin-Yvon Ultima 2 sequential instrument) after microwave Teflon bomb digestion with cc. HNO 3 +HCl (Anton et al., 2012) .
Osmotic potential measurements
The osmolarity of the leaf sap from control, salt-acclimated and salt-stressed leaves with and without acclimation was measured using a cryoscopic osmometer, Osmomat 3000
(Gonotech GmbH, Berlin, Germany) and the osmotic potential values (  ) were calculated as described by Bajji et al. (2001) . Samples for analysis were collected after 5 days of salt stress.
Polyamine determination
Polyamine analysis was carried out from leaf segments as described by Németh et al. (2002) . Two hundred milligrams of leaves were homogenized with 1 ml 0.2 M ice-cold perchloric acid and were allowed to stand for 20 min on ice. The extract was centrifuged at 10 000g for 20 min and the supernatant was used. The polyamines were analysed as dansylated derivatives via HPLC using a W2690 separation module and a W474 scanning fluorescence detector with excitation at 340 nm and emission at 515 nm (Waters, Milford, MA, USA).
Conjugated and bound forms of PAs were measured after 1 hour of acid hydrolysis at 96 °C.
Measurements of antioxidant activities
For the analysis of antioxidant enzyme activity, 0.5 g tissue was homogenized in 2.5 ml ice-cold Tris-HCl buffer (0.5 M, pH 7.5) containing 3 mM MgCl 2 and 1 mM EDTA.
8
The glutathione reductase (GR; EC 1.6.4.2.) activity was determined at 412 nm according to Smith et al. (1988) . The reaction mixture contained 75 mM Na-phosphate buffer (pH 7.5), 0.15 mM diethylenetriamine-pentaacetic acid, 0.75 mM 5,5'-dithiobis(2-nitrobenzoic acid), 0.1 mM NADPH, 0.5 mM oxidized glutathione and 50 l plant extract in a total volume of 1 ml. The catalase (CAT; EC 1.11.1.6.) activity of the extract was measured spectrophotometrically by monitoring the decrease in absorbance at 240 nm (Janda et al. 1999 ). The reaction mixture contained 0.44 M Tris-HCl buffer (pH 7.4), 0.0375% H 2 O 2 and enzyme extract. The ascorbate peroxidase (APX; EC 1.11.1.11.) activity was determined in the presence of 0.2 M Tris-HCl buffer (pH 7.8) and 5.625 mM ascorbic acid. The reaction was started with 0.042% H 2 O 2 . The decrease in absorbance at 290 nm was monitored as described by Janda et al. (1999) . The guaiacol peroxidase (G-POD; EC 1.11.1.7.) activity was measured at 470 nm as described by Ádám et al. (1995) . The reaction mixture consisted of 88 mM Na-acetate buffer (pH 5.5), 0.88 mM guaiacol, 0.0375% H 2 O 2 and enzyme extract. The enzyme activities were determined photometrically with a UV-visible recording spectrophotometer (UV-VIS 160A, Shimadzu Corp. Kyoto, Japan).
Total RNA isolation and cDNA synthesis
Total RNA was isolated from the leaf samples using TRI-Reagent ( thermocycler (Applied Biosystem, Foster City, CA, USA). Then 75 µL sterile Milli-Q water was added to the first strand cDNA samples, which were stored at -20 ºC until use.
Gene expression analysis with qRT-PCR
Quantitative real-time PCR (qRT-PCR) was performed with an Applied Biosystems Fast 7500 instrument using SYBR Green detection chemistry (QuantiFast SYBR Green PCR Kit, Qiagen) and gene-specific primers (Table 1) according to Pál et al (2014) . The wheat Ta30797 (TC279294, TC284282) gene was used for the endogenous control. The primers were designed to be specific to the highly conserved domain of known Triticum gene sequences. The relative ratio of threshold cycle (Ct) values between the endogenous control and the specific genes were calculated for each sample.
Statistical analysis
The results were obtained from three independent series of experiments and the data show representative sets of measurements. The results are the means of at least 3-5 measurements and were statistically evaluated using the standard deviation and T-test methods.
Results

Salt acclimation may protect young wheat plants from high salinity levels
Wheat plants were pre-treated with a low concentration of salt (irrigation with 25 mM NaCl) and then exposed to a high level of salinity (500 mM NaCl). While treatment with 25 mM NaCl caused a slight increase in the chlorophyll content, high salinity substantially 10 decreased it. The level of chlorosis after 5 days of salt stress was dramatic in non-acclimated plants; while those previously exposed to a low concentration of NaCl showed much less pronounced chlorotic symptoms (Fig. 1A) . Chlorophyll a/b was also higher in plants pretreated with a low NaCl concentration. In parallel to the decrease in chlorophyll (a+b) content, the salt stress (500 mM NaCl) resulted in a reduction in the chlorophyll a/b ratio indicating the greater degradation of chlorophyll a than chlorophyll b especially in case of in non-acclimated plants. Salt acclimation led to a slight, but statistically significant rise in the carotenoid content both with and without salt stress (Fig. 1C) . These results indicate that salt acclimation may reduce the stress effects of subsequent high salinity stress in wheat plants.
Photosynthetic behaviour after salt acclimation
In order to characterise the physiological state of plants under salt-acclimated conditions, gas exchange (Table 2 ) and chlorophyll a fluorescence induction parameters (Table 3) were measured. Salt acclimation with 25 mM NaCl led to a slight, but statistically significant decrease in Pn, which was probably due to the reduced g s and E. There were no significant differences in the level of C i , the water use efficiency (WUE, calculated as Pn/E) or the chlorophyll a fluorescence induction parameters, namely F v /F m , which represents the maximum quantum efficiency of Photosystem II (PSII),  PSII , the actual quantum efficiency of PSII measured in the light-adapted state and NPQ the non-photochemical quenching, which reflects the rate of thermal energy dissipation (Table 3) . These results indicate that salt acclimation mainly affected stomatal closure, and that there was no substantial effect on processes directly related to the photosynthetic electron transport chain.
The 500 mM salt stress caused a complete inhibition of CO 2 assimilation processes including stomatal closure and transpiration, making it impossible to differentiate between the treatments even after 1 day (data not shown). By contrast, the chlorophyll a fluorescence parameters showed distinct changes. In non-acclimated plants the blocking of CO 2 assimilation was accompanied by a decrease in the PSII efficiency as indicated by the lower values of F v /F m , quantum efficiency and the elevated level of non-photochemical quenching.
These changes were not significant in plants pre-treated with a low concentration of salt (Table 3) .
Na content
In order to investigate the effects of salt acclimation on Na accumulation, the Na content was measured in the leaves after 5 days of 500 mM salt stress. Irrigation with a low concentration of saline water slightly increased the level of Na in the leaves, while exposure to a high NaCl concentration for 5 days drastically increased the Na level (Fig. 2) . The difference in Na content between acclimated and non-acclimated plants after 5 days of salt stress was not statistically significant, indicating that the reduced uptake and transport of Na from the root to the shoot is not the main salt acclimation mechanism.
Osmotic potential
As part of the acclimation process plants may modify the osmotic potential of the cells.
Irrigating the plants with either low (25 mM) or high (500 mM) NaCl increased the osmotic potential in the leaves. Plants previously acclimated with 25 mM salt had higher osmotic potential values after exposure to a high level of salt stress (Fig. 3 ), suggesting that the improved level of salt tolerance in acclimated plants can be at least partly explained by their better ability to adjust their osmotic pressure. 
Polyamines
Spermidine was the most abundant polyamine species among the major polyamines (namely putrescine, spermidine and spermine) in wheat plants in the present experiment. The levels of the free and conjugated forms, i.e. those, which were connected with small molecules, were in the same range. In general, salt acclimation caused a significant decrease in the total polyamine content, especially in the case of spermidine and spermine. This decrease caused by salt acclimation was statistically significant for free spermidine and spermine in non-stressed plants (without 500 mM NaCl) (Fig. 4A ). Severe salt stress (500 mM NaCl) did not substantially modify the free polyamine content of the leaves in nonacclimated plants as compared to control plants. Application of severe salt stress to acclimated plants caused a statistically significant decrease all the free major polyamines. A similar tendency was observed for conjugated polyamines (Fig. 4B ). In the case of the conjugated forms, only the decreases in spermine and spermidine in non-stressed plants were statistically significant when the effect of the salt acclimation was investigated. Treatment with 500 mM salt significantly reduced the putrescine and spermidine levels in the acclimated plants. (Fig. 4B ). Cadaverine, a minor polyamine showed a pattern similar to that found for the most abundant polyamines, having a lower level in salt-acclimated than in non-acclimated plants, while not changing significantly in response to a high NaCl concentration (data not shown).
Antioxidant enzymes
Since a high level of salinity may be accompanied by oxidative stress, the activities of certain antioxidant enzymes, namely GR, catalase, APX and G-POD, were also determined.
The GR, catalase and APX activities were found to be influenced by the salt treatments, rising after both salt acclimation and salt stress. G-POD was only slightly induced by a high level of salinity, while salt acclimation caused no significant changes (Fig. 5) .
Gene expression studies
Gene expression studies were carried out to clarify the mechanism(s) of salt acclimation processes. In the present experiment the focus was on certain selected genes earlier found to be related to general stress tolerance or to cope directly with high level of salt in plants.
Quantitative RT-PCR results showed that while the expression of SOS1 gene was not significantly affected by any type of salt-treatments, the expression level of SOS2 increased after exposure for 1 d to 500 mM NaCl. However, this increase was more pronounced in the non-acclimated plants. The NHX2 gene responded similarly to 500 mM NaCl: its expression level significantly increased in leaves of both non-acclimated and acclimated plants. The expression rate of WALI6, which has been characterised as a stress-responsive gene, showed the highest induction after salt treatment. It has increased even after treatment with low concentration of NaCl (25 mM), while drastic salt stress further elevated its activity in both non-acclimated and salt-acclimated plants; however, it was still higher in the salt-acclimated plants.
Discussion
Exposure of plants to low dose of NaCl may improve their tolerance to salinity stress.
This can be achieved by either seed priming, or by direct irrigation of plants prior high dose 14 salt stress (Patade et al., 2009; Xie et al., 2011) . In the present work in order to determine the effectiveness of salt acclimation young wheat plants were trained with low concentration of NaCl before irrigation with high salinity and the acclimation mechanisms were investigated.
Although especially under field condition rapidly changing salt concentrations in soils rarely occur, the conditions used in the present experiment could clearly demonstrate the effectiveness and general beneficial effects of salt acclimation using moderate salt treatment.
Chlorosis is one of the main symptoms of severe salt stress in plants. In the present work a decrease in the total chlorophyll content of wheat plants was accompanied by a decrease in the chlorophyll a/b ratio, in agreement with studies made in the field, where a greater decrease in chlorophyll a than in chlorophyll b also led to a decrease in chlorophyll a/b under saline conditions (Kiani-Pouya and Rasouli, 1994) . The present results also showed that acclimation with a low concentration of NaCl efficiently reduced the chlorotic symptoms during subsequent high-dose salt stress. The next aim was to explore the physiological and biochemical background of salt acclimation mechanisms in wheat.
Gas exchange and chlorophyll a fluorescence data indicated that salt acclimation were not severely stressful for the plants. Although irrigation with low concentration of saline water slightly reduced the net photosynthesis, it was only due to a reduced stomatal conductivity and not due to damage in the photosynthetic apparatus, as indicated by the chlorophyll fluorescence parameters. However, high salt stress significantly affected the photosynthetic electron transport processes, which included a reduction in the quantum efficiency of PSII and an increase in the non-photochemical quenching indicating the facilitation of the thermal dissipation of excitation energy. The photosynthetic response of non-acclimated wheat plants to high level of salt stress is in line with that expected from the responses of a variety of other stress-sensitive species (Stepien and Johnson, 2009 ). Exposure of plants to salt-treatment induced stomatal closure resulting limitation on CO 2 entry and 15 inhibition of CO 2 assimilation. However, these changes were not substantial in the saltacclimated plants. Down-regulation of linear electron transport may limit oxidative stress and increased cyclic flow enhances photoprotective energy dissipation. Photoreduction of oxygen can occur in the Mehler reaction at the acceptor side of Photosystem I taking electrons away from the electron transport chain and so tend to protect PSII from photoinhibition.
Furthermore, since the cyclic electron flow does not produce any toxic ROS, it may be more important for the long-term regulation of the quantum yield of PSII and NPQ (Makino et al, 2002) .
Changes in Na + uptake or transport processes are among the mechanisms which may contribute to better salt tolerance in cereals (Saqib et al., 2011; Darko et al., 2015) . In the present experiments, there was no difference in the leaf Na content of salt-acclimated and non-acclimated plants after exposure to high NaCl, indicating that salt acclimation did not significantly modify Na transport to the shoots, and suggesting that, under these experimental conditions, protective mechanisms other than altered Na transport to the leaves must be responsible for the reduced level of damage symptoms in the salt-acclimated plants. The better performance of salt-acclimated plants under high saline conditions was probably at least partly due to the improvement of osmotic adjustment, as demonstrated by the elevated osmotic potential under both control and salt stress conditions (i.e. without or with 500 mM NaCl, respectively). These results are in accordance with earlier findings where comparative analysis revealed that salt-tolerant genotypes are characterised by higher osmotic adjustment ability (Darko et al., 2015) .
Polyamines are a group of aliphatic amines that are found in all living cells and appear to be essential for life (Minocha et al., 2014; Tiburcio et al., 2014) . Their role in stress protection has been widely studied, including their possible involvement in salinity stress (Do et al., 2014) . Due to their cationic nature they are able to interact with negatively charged 16 macromolecules in a reversible way, possibly stabilizing their structure, which may be especially important under stress conditions. Their role in stress signalling has also been described (Pál et al., 2015) . However, in the present work no polyamine induction was detected in either salt-acclimated or salt-stressed wheat plants. Although polyamines are usually considered to be stress protective compounds, salt acclimation led to a significant decrease in their levels in almost all cases. Furthermore, neither the free nor the conjugated form showed any increase after exposure to a high concentration of salinity for 1 day. These results suggest that in these plants polyamines do not play a direct role in the development of salt tolerance during the salt acclimation period. Salt acclimation induced other physiological processes, which allowed plants to function at lower polyamine levels.
Previous results suggested that salt injury may accelerate the production of ROS, which cause the oxidative degradation of biomolecules, including photosynthetic pigment chlorophylls, proteins and lipids. The antioxidative systems also play an important role in protection against ROS under saline conditions (Mittova et al., 2004; Najami et al., 2008) . In the present experiments, the activities of certain antioxidant enzymes, namely GR, catalase and APX, were significantly higher in salt-acclimated plants, contributing to the reduced degradation of chlorophyll molecules.
Gene expression studies showed no significant changes in SOS1 in wheat leaves either after salt acclimation or when exposed to a high salt concentration. In Arabidopsis the SOS1 gene is most strongly expressed in epidermal cells at the root tip and in parenchyma cells surrounding the vascular tissues. Under severe salt stress SOS1 limited the accumulation of Na + in Arabidopsis (Shi et al., 2002) , and it also prevented Na + from reaching the photosynthetic tissues in the stems of tomato (Olias et al., 2009a,b) . However, in the present experiments salt acclimation did not reduce the Na content in the leaves. In contrast to SOS1, SOS2 was highly induced in the leaves by extreme salinity; however, there was no difference in expression level between acclimated and non-acclimated plants. This suggests that neither the SOS1 nor the SOS2 gene plays a decisive role in salt acclimation processes. Similar results were obtained for the Na + /H + antiporter gene NHX2. This is in accordance with earlier findings that NHXs could not be used to predict salinity stress tolerance in barley plants (Adem et al., 2014) . In contrast to these genes, the expression level of another stress-related gene, WALI6 showed a marked increase not only in salt-stressed, but also in salt-acclimated plants. It has been suggested that this gene encodes a protease inhibitor and can be induced by aluminium, especially in the roots (Richards et al., 1994; Drummond et al., 2001) . Recently, the elevated expression of WALI6 was observed in the leaves after wheat seedlings were exposed to H 2 O 2 (Ge et al., 2013) . As aluminium toxicity and tolerance are also associated with the accumulation of ROS and oxidative stress tolerance (Darko et al., 2004) , a connection between the expression of WALI6 and the oxidative stress response seems to be a possibility. It is likely that it plays a role in the salt stress response and acclimation, and may contribute to improved salt tolerance. However, the direct function of this gene has not yet been described in relation to salt stress and salt acclimation processes, and the direct function of this gene and how it contributes to improved salt tolerance are still unknown.
Conclusions
In conclusion, the irrigation of wheat plants with a low concentration of NaCl successfully led to the acclimation of the plants. This was manifested as reduced chlorotic symptoms and less impaired photosynthetic processes when the plants were exposed to a subsequent highdose salt treatment. Several protective mechanisms are induced by salt stress; however, the salt acclimation processes may be different to those induced by severe salinity. The present results suggest that in wheat leaves the increase in the osmotic potential, the increased activity Different letters indicate significant differences at the P<0.05 level. Fig. 2 . Effects of 5-day salt stress with 500 mM NaCl (+500) on the Na content in the leaves of control wheat plants and plants acclimated with 25 mM NaCl (Accl.). Data represent mean values ±SD, n=3. Different letters indicate significant differences at the P<0.05 level. 26 Table 1 . Gene-specific PCR primers used in this study. 
